Of 34 tyrosine residues in insulin receptor substrate 1 (IRS-1), 14 are adjacent to acidic residues, suggesting that they might be phosphorylation sites. Synthetic peptides corresponding to sequences surrounding these tyrosines were used as substrates of the insulin receptor kinase. Surprisingly six of these, each within YMXM motifs, were phosphorylated with greatest efficiency (K., kcat/Km, 0.6-2.1 x 104 M-1sec-'). Substituted YMXM peptides revealed a strong preference of the insulin receptor kinase for methionine at Y + 1 and Y + 3 positions. When phosphorylated, related YMXM sequences are recognition motifs for binding to proteins with src-homology (SH2) domains. The combined hydrophobic and flexible nature of methionine side chains adjacent to the targeted tyrosines provides a versatile contact for recognition by diverse proteins involved in signal transduction.
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Insulin binding to the extracellular a subunits of the insulin receptor activates tyrosine kinase activity intrinsic to the intracellular ,3 subunits (1) (2) (3) (4) . This finding sparked a search for cellular substrates that could link the insulin receptor to postreceptor signaling events. The first identified endogenous substrate of the insulin receptor was pp185, a cytoplasmic phosphoprotein of 165-185 kDa (5) . Recently, a cDNA corresponding to a component of the ppl85 band was sequenced to provide the deduced primary structure of insulin receptor substrate 1 (IRS-1) (6, 7). As IRS-1 has little extended sequence homology with other known proteins, an intrinsic function for it has not been assigned. IRS-1 is phosphorylated on tyrosine residues after insulin stimulation (7) , although the exact sites of phosphorylation have yet to be determined. Of a total of 34 tyrosines, 14 are preceded by acidic amino acids, suggesting that they might be targets of the insulin receptor kinase. Surprisingly, 6 of these are in YMXM motifs and two more are in YXXM motifs.
The platelet-derived growth factor (PDGF) receptor and polyoma virus middle-sized tumor antigen (middle T antigen) contain similar YMXM and homologous YVXM motifs, which are phosphorylated and thought to be essential for binding to phosphatidylinositol 3'-kinase (PI 3-kinase) (8, 9) . The 85-kDa regulatory subunit of PI 3-kinase contains two SH2 domains (10, 11) , which are thought to mediate its interactions with the PDGF receptor, the pp60Ocsrc/middle T antigen complex, and other proteins involved in cellular signaling (8) . In fact, immunoprecipitation studies suggest that PI 3-kinase activity is closely associated with IRS-1 after insulin stimulation of intact cells (7, 12, 13) . Thus, phosphorylated IRS-1 might act as a "docking protein" to bind and regulate PI 3-kinase and additional signal-transducing proteins containing SH2 domains as well.
In this study, we show that peptides corresponding to IRS-1 YMXM motifs are excellent substrates of the insulin receptor kinase. In fact, within a given sequence the presence of methionine residues at Y + 1 and Y + 3 positions is even more important than acidic residues N-terminal to tyrosine for catalytic efficiency. These findings suggest that in addition to being recognition elements for interactions with SH2 domain-containing proteins, residues within YMXM sequences form a recognition motif for insulin receptorcatalyzed phosphorylation. These studies define structural requisites for efficient phosphorylation of a cellular substrate of the insulin receptor and may extrapolate directly to other members of the family of tyrosine kinases and their interactions with additional elements of signaling cascades.
EXPERIMENTAL PROCEDURES Peptide Synthesis. Solid-phase syntheses were performed on an Applied Biosystems model 430A synthesizer using standard dicyclohexylcarbodiimide-mediated preformed symmetrical anhydride coupling protocols. Amino acids with standard butoxycarbonyl/benzyl protecting groups were purchased from Applied Biosystems; additional solvents and reagents were the highest purity available. Peptide products were cleaved from the resin, side-chain protecting groups were removed, and methionine sulfoxide was reduced during "low-high" cleavages with trifluoromethanesulfonic acid (14) . Peptides were typically quite pure; those having <95% purity by analytical reversed-phase HPLC were purified further by preparative HPLC (Waters Prep 4000) on a Dynamax-300A 12-gm C8 column (41.4 x 250 mm) equipped with a matched guard column. Peptides were eluted with a mobile phase composed of acetonitrile in 0.05% aqueous trifluoroacetic acid (80 ml/min). Amino acid analyses of all peptides used for kinetic analyses were as predicted.
Insulin Receptor Preparation. Chinese hamster ovary (CHO) cells, transfected with human insulin receptor constructs and expressing 106 receptors per cell (15) , were grown in suspension in a 10-liter spinner flask in modified McCoy's 5A medium (GIBCO) containing 0.0345 mg of L-proline per ml and no CaCl2 (16, 17) . Cells were solubilized in 1.0% Triton X-100 and receptors were partially purified on wheat germ agglutinin (WGA)/agarose as described (17, 18 (20) , which follows algorithms for appropriate weighting of data described by Cleland (21) ; each peptide was analyzed in two to five separate experiments (see Table 2 ). 
RESULTS
Peptide Design. Peptides corresponding to sequences of IRS-1 surrounding tyrosine residues were synthesized. All consensus sites for tyrosine phosphorylation within YMXM motifs were prepared, as were additional consensus sequences not found in YMXM motifs (Table 1) . Each peptide was designed to include (i) the specificity residue Y, (ii) acidic residues N-terminal to Y, (iii) residues at Y + 1 to Y + 5 positions, including the entire YMXMSP sequence, when appropriate, and (iv) as many native basic residues as possible, up to a total of three. If sufficient basic residues were not present within the native sequence, lysine residues were added at the C or N termini to a total of three to guarantee adsorption to the phosphocellulose paper used in the phosphopeptide assay (23) . Therefore, peptides varied in length (10) (11) (12) (13) (14) (15) (16) (17) (18) residues) and position of the tyrosine residue.
Each peptide contains only one tyrosine with the exception of Y46,1 which contains two side-by-side tyrosines flanked by glutamic acid residues (Table 1) . Peptides Y460 and Y546 contain YXXM motifs in which the Y + 1 position is isoleucine or threonine, respectively, with acidic residues at appropriate positions relative to Y (Table 1) . Peptides Y608, Y628, Y658, Y727, Y939, and Y987 each contain complete YMXM motifs with at least one acidic residue N-terminal to Y (Table 1) . A final peptide, Y998, contains a single tyrosine residue that is neither in a YMXM motif nor adjacent to an N-terminal acidic residue; like four of the YMXM peptides, however, it does contain a serine and proline at the Y + 4 and Y + 5 positions (Table 1) . (Fig. 1) . The slopes of double reciprocal plots, which are proportional to Km/Vma, (the inverse ofcatalytic efficiency), clustered into two groups ( Fig. 1 B and D) . Notably, native sequences having entire YMXM motifs displayed the smallest slopes (Fig. 1D) (Fig. 2B, compare slopes) ; the reasons for reduced efficiency were different for the two peptides, however. The M9881 substitution increased Km 2-to 3-fold and reduced Vmax nearly 2-fold ( Table 2) . By contrast, the M988T substitution increased both Km (7-to 8-fold) and Vnax (2-fold).
Thus, in a single, defined YMXM sequence M9881 and M988T substitutions have the same general effect as observed for the YXXM peptides (Y460 and Y546). Substitution of methionine with norleucine, whose side chain mimics that of methionine regarding both hydrophobicity and flexibility, had no observable effect on Km, Vmax, and kcat/Km ( Fig. 2B ; Table 2 ).
For further comparison, we substituted the Y + 3 methionine of peptide Y987 and the acidic residue N-terminal to tyrosine (Y -1) . Surprisingly, the M991T substitution had an effect even greater than the related Y + 1 substitutions (Fig.  2D) , with a 12-fold reduction in catalytic efficiency (kcat/Km) resulting exclusively from an increase in Km (Table 2) . Therefore, methionine residues at Y + 1 and Y + 3 positions play a very special role in directing efficient catalysis by the insulin receptor kinase. Acidic residues, which exist near autophosphorylated tyrosines in the insulin receptor and other protein tyrosine kinases, are presumed to be important for intermolecular substrate recognition as well (23) (24) (25) (26) (27) . The only acidic residue in the Y987 sequence was substituted with (31) (32) (33) , recognition sequences for substrates of protein tyrosine kinases are not well characterized. Autophosphorylated tyrosines within protein tyrosine kinase sequences are frequently located near acidic residues, which has led most investigators to focus on these positions as consensus sequences for tyrosine phosphorylation (23) (24) (25) (26) (27) (34) (35) (36) (37) . Synthetic peptides corresponding to autophosphorylation sites are phosphorylated by tyrosine kinases with Km values typically in the millimolar range, which is considerably higher than values obtained for peptide substrates of serine/threonine kinases (23) (24) (25) (26) (27) (31) (32) (33) (34) (35) (36) (37) . Unrelated peptides such as angiotensin and gastrin analogues are also phosphorylated by protein tyrosine kinases. Angiotensins I and II (both containing the DRVY*IHPF sequence) are phosphorylated with Km values in the 1-4 mM range (26, 34) , while gastrin analogues having five sequential glutamates N-terminal to tyrosine are phosphorylated with Km values in the 50-200 AM range (35, 36) . In fact, of all synthetic peptides studied previously as tyrosine kinase substrates, gastrin had the lowest K., a fact supporting the notion that acidic residues are important for tyrosine phosphorylation. However, systematic studies to define substrate specificity showed that when acidic residues of various peptides were replaced by uncharged amino acids, effects on Vax./Km were often relatively small (2-to 4-fold) (23) (24) (25) (26) (27) (34) (35) (36) (37) .
The insulin receptor has tyrosine kinase activity similar to that of the viral transforming proteins, their cellular counterparts, and growth factor receptors. The insulin receptor phosphorylates the src peptide and angiotensin with Km values in the millimolar range (26) and, in addition, phosphorylates a peptide corresponding to its own major autophosphorylation site (residues 1154-1164) (28-30) with a Km value of 0.2-0.3 mM (18, 23, 30, 37) . While the sequence at residues 1154-1164 might be a preferred substrate sequence, it was the recent identification of an endogenous substrate that allowed us to test sequences that might direct intermolecular substrate recognition. Finding biologically important sites of substrate phosphorylation will facilitate testing the importance of elements of secondary or tertiary structure in addition to that of primary sequence. For the insulin receptor, IRS-1 may be such a substrate. IRS-1 is a component of pp185 that is immunoprecipitated from insulin-stimulated cells by anti-phosphotyrosine antibodies. IRS-1 is phosphorylated on tyrosine residues in response to insulin (5-7) and appears to link the receptor to other components of the intracellular signaling cascade (e.g., PI 3-kinase; ref. 7) .
As yet, we do not know which of the 34 tyrosine residues in IRS-1 are actually phosphorylated, although 14 have acidic residues N-terminal to the tyrosine position, which would categorize them as conventional consensus sequences for tyrosine kinase recognition. Surprisingly, 6 of these are within YMXM motifs and 2 more are in YXXM sequences, which previous studies (8) (9) (10) 38) (43) and plasticity in protein interactions with calmodulin (39), which would allow structurally diverse nonpolar surfaces to conform to the respective recognition surfaces of the proteins to which they bind (40) . Such a malleable, nonpolar surface might provide a mechanism to explain how the same IRS-1 YMXM motifs interact with the insulin receptor kinase and PI 3-kinase and, potentially, other tyrosine kinases and proteins with SH2 domains as well. The side chains of residues in the YMXM domain might be sufficiently flexible to provide a nonpolar surface that accommodates itself equally to the surfaces of kinase active sites and SH2 protein binding pockets.
Relationships between IRS-1 and other signal transduction proteins may be quite complex, as IRS-1 contains multiple copies of the YMXM motif that could interact selectively with different tyrosine kinases as well as distinct effector molecules containing various isoforms of the SH2/SH3 domain. Furthermore, other proteins involved in signal transduction contain related sequences. The PDGF receptor phosphorylates itself within YMXM or YVXM motifs (44) , the src-associated middle T antigen contains a phosphorylated EEEEEEYMPM sequence (8, 45) , and similar sequences within the colonystimulating factor 1 receptor (DTYVEM) and kit oncogene (DSTNEYMDM) may be phosphorylated, as well (8) .
Whether YMXM motifs define a recognition sequence for efficient tyrosine phosphorylation by these and other protein tyrosine kinases remains to be tested. For the src-associated middle T antigen and the PDGF receptor, these sequences are thought to be involved in recognition by PI 3-kinase through interaction with one or the other of its SH2 domains (8, 9, 38, 44) . Similarly, studies to block interactions between IRS-1 and PI 3-kinase with synthetic phosphopeptides corresponding to IRS-1 YMXM sequences suggest that these interactions involve SH2 domains as well (unpublished data).
In conclusion, YMXM, a redundant sequence motif identified in IRS-1, is shown to define substrate specificity of the insulin receptor kinase. Methionine residues at the Y + 1 and Y + 3 positions are particularly important for efficient kinase recognition, in addition to acidic residues N-terminal to tyrosine. Knowing a target motif for the action of the insulin receptor kinases, and possibly other tyrosine kinases as well, may enhance our understanding of tyrosine kinase signaling pathways. Furthermore, a tyrosine kinase target motif may facilitate identification of additional known or newly identified proteins that might be involved in related signaling pathways. Certainly, as genomic sequencing efforts progress, it will be increasingly useful to have identified short peptide motifs to help decipher which of these DNA sequences encodes proteins acting as potential targets of tyrosine kinase action. 
